The serotype-specific polysaccharide of Streptococcus mutans AHT (serotype a) was shown to be loosely associated with the cell surface of this organism. The antigen was extracted from whole cells by boiling in sodium acetate buffer, pH 4.0, for 10 min. The purified product was found to be a diheteroglycan of galactose and glucose (3.6:1, molar ratio). The antigen possessed serological characteristics similar to the a antigen previously extracted from purified cell walls with hot formamide. Its physicochemical structure was identical to the previously studied wall antigen. Electron micrographs, developed after immunocytological labeling of this antigen on whole cells, revealed it to compose a dense microcapsule surrounding the microbe. Analyses of spent culture fluids indicated that the antigen was released during exponential growth at a rate directly proportional to the increase in culture biomass. It is concluded that the serotype-specific antigen may be a prime immunogen due to its surface localization at both capsule and wall sites.
The immunochemical nature of the Bratthall serotype a antigen of Streptococcus mutans has been the subject of some controversy. Van de Rijn and Bleiweis (28) isolated and purified a membrane-associated glycerol teichoic acid antigen from strain AHT after cold 5% trichloroacetic acid extraction of broken cells. Structural analysis indicated the presence of a disaccharide of glucose and galactose possibly linked to the glycerophosphate backbone. The haptenic moiety was determined to be fl-linked D-galactose. Concurrently, Mukasa and Slade (23) isolated a polysaccharide antigen from whole cells of strain HS6 (a) with only boiling water. The purified product was a complex polymer mainly consisting of galactose, glucose, glucosamine, and galactosamine. This polysaccharide reacted not only with homologous sera, but also strongly crossreacted with anti-d sera. Linzer et al. (18) subsequently showed that the purified antigen possessed two haptenic sites: specific (a) and crossreactive (a-d) sites.
These contrary findings on the nature of the a antigen remained unresolved until quite recently. Silvestri et al. (26) showed that hot phenol-water extracts of AHT contained both lipoteichoic acid (LTA) (15) and the antigenic polysaccharide. These polymers were not resolvable by gel filtration chromatography and could only be separated upon application of a new technique with the selective binding of LTA to liposomes composed of phosphatidyl choline. The purified LTA product was found to possess a polyglycerophosphate backbone unsubstituted with sugars, and it failed to react with anti-a sera. These findings strongly suggest that the antigenic preparation of Van de Rijn and Bleiweis (28) may have been a similar mixture of teichoic acid and polysaccharide. Additionally, Brown and Bleiweis (6) recently reported the formamide extraction from purified AHT cell walls of a polysaccharide with a and a-d activities. These findings directly confirmed the Mukasa and Slade (23) study concerning the polysaccharide nature of the serotype antigen, and also verified the immunochemical basis of a-d cross-reactivity. The a determinant of AHT, however, was reported to be D-galactose as opposed to the earlier report of D-glucose for HS- 6. Further serological and immunochemical studies were suggested, especially in light of a recent report (S. Hamada, N. Masuda, and S. Kotani, Arch. Oral Biol., in press) that some strains labeled as AHT strongly react with absorbed anti-g sera.
The ease of extraction of the surface polysaccharide antigen (23) and its propensity to become closely associated with LTA (26) , a membrane-associated polymer released from growing cells (21) , resulted in speculation about the ul-trastructural localization on the cell of the polysaccharide and its disposition during exponential growth. Studies reported below indicate that the antigen, which was formerly considered to be primarily a cell wall constituent (6, 23) , also exists as part of a dense microcapsule. In addition, the antigen is released into the medium during exponential growth. In light of current plans to study the feasibility of employing S. mutans polysaccharides in a dental caries vaccine (1), studies of the chemical structures of these antigens, as well as the physiology of their biosynthesis, have become of great interest.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. mutans AHT, isolated from humans by Jablon and Zinner (13) Chemical extractions of whole cells. Mild buffer extraction was performed to recover surface polysaccharides. A 10-g amount of lyophilized cells were suspended in 150 ml of 0.1 M sodium acetate buffer, pH 4.0, preheated to 100'C. After 10 min at 100'C the suspension was cooled to 5VC in ice water and centrifuged at 10,000 x g for 10 min to remove whole cells, and the supernatant was brought to pH 7.0 with 1.0 M NaOH. The neutralized supernate was filtered (0.45 tim), and the volume was reduced to 15 ml by rotary evaporation. The concentrated extract was employed in gel filtration chromatography and is termed "buffer extract." Quantitative assays. Total phosphorus was determined by the method of Lowry et al. (19) . This assay, as well as absorbance at 260 nm for nucleic acids and the phenol-sulfuric acid assay for carbohydrates (9) , was used to assay column fractions.
Two different protein assays were employed. The method of Lowry et al. (20) (28) .
Sugars were determined quantitatively by gas-liquid chromatography employing a Packard model 803 chromatograph equipped with a flame ionization detector. The procedures described by Wetherell and Bleiweis (29) were followed without modification.
Gel filtration chromatography. A Bio-Gel A-5M, 200-to 400-mesh, 6% agarose gel (Bio-Rad) column measuring 2.5 by 100 cm was used in purifying the polysaccharide antigen found in crude extracts of whole cells and in culture fluids. This column had a void volume of 160 ml, as determined by using Blue Dextran (Pharmacia Fine Chemicals, Piscataway, N.J.), and a total volume of 530 ml. A pressure head of 30 cm was used to obtain a flow rate of 5 to 10 ml/ h. The sample was loaded on the column pre-equilibrated with 0.25 M NaCl containing 0.05% NaN:3 and was eluted at room temperature with this solution.
Growth curves and measurement of extracellular macromolecules. Growth curves were made of AHT grown in THG and MC media. Two methods were used to determine growth, with both methods yielding similar results. First, 1.0 ml of exponentially growing cells (absorbance at 660 nm = 0.5) was transferred to 100 ml of fresh broth at 37°C. Portions (1.5 ml) were removed every 30 min, and the absorbance was read immediately at 660 nm. The second approach involved the addition of 20 ,ul of 3.7% Formalin (final concentration = 0.05%) to the 1.5-ml portion immediately after its removal from the culture. The sample was held at room temperature for 30 min before the absorbance was read. Also, portions were removed, centrifuged, and treated as described above for determinations of total cell protein.
To determine the amounts of extracellular material released by the organisms, 200 ml of growth medium was inoculated with 2 ml of exponentially growing cells. The absorbance was followed, and when the culture attained a predetermined level, Formalin was added to 0.05%. This stopped growth but did not affect release of polysaccharides or the behavior of these polymers in serological assays when compared with chilled, nonformalinized control cultures and their products. The cells were removed by centrifugation, and the supernatant was filtered through a 0.45-,im membrane filter (Millipore). The cell-free culture fluid was dialyzed for 2 days against four changes of water (10 liters each) at 4°C. A 10-ml amount of the dialyzed fluid was frozen, whereas two other samples, 40 and 150 ml, were concentrated to 4 ml (10x) and 1.5 ml (10Ox), respectively, by flash evaporation at 40°C. These products were frozen for later testing for the presence of protein and polysaccharide antigen.
Production of rabbit antisera. Antisera (no. 23 to 29) were prepared against Formalin-killed cells as previously described (28 (24) . A 1-ml amount of 0.27 M piperazine buffer, pH 6.5, containing 100 jig of the antigen per ml was added to 2.4 x 109 washed and pelleted SRBC. To this cell suspension, 1.0 ml of a 0.025% CrCl:3 solution was added slowly with mixing. After exactly 5 min at room temperature (with frequent gentle mixing), 5 ml of saline was added and the cells were centrifuged, washed 4x with saline, and brought to 2 X 108 cells per ml. Hemagglutination assays were done as described above.
Inhibition of hemagglutination was performed in the 25-1.l microtiter system. After dilution of the antiserum, either 0.85% saline or the purified AHT polysaccharide (10 tg/ml) in saline was added to each well.
The plates were incubated at 370C for 1 h. Sensitized SRBC then were added to each well, and the assay was performed as described above.
Immunoelectron microscopy. Surface antigens of S. mutans AHT were localized by the method of Lai et al. (16) with horseradish peroxidase-labeled goat anti-rabbit immunoglobulins and the homologous rabbit antiserum raised against this strain. Cells were treated without deviation from the described technique, and all controls were included as suggested by the authors (16). The controls included (i) substitution of homologous (anti-AHT) serum with undiluted normal rabbit serum; (ii) substitution with diluted or undiluted heterologous S. mutans BHT antiserum; (iii) elimination of all antibodies, other steps not changed; (iv) elimination of all antibodies and the incubation with 0.005% H202, other steps not changed; (v) elimination of all antibodies and the incubation with 3,3'-diaminobenzidine solution, other steps not changed, and (vi) elimination of all antibodies and instead treatment of cells with horseradish peroxidase (10 mg/ml in distilled H20) for 1 h at room temperature followed by all steps that normally follow treatments with immunoglobulins. Please refer to Lai et al. (16) , especially their Fig. 1, for Isolation, purification, and characterization of polysaccharide antigen from culture fluid. With indications that the serotype a antigen of AHT is only loosely attached to the cell surface (wall), it was of interest to determine whether it is released into the medium during growth. S. mutans AHT was grown to late stationary phase (24 h at 370C) in dialyzed THG broth. The cell-free culture fluid was concentrated to retain macromolecules at or above 10,000 daltons and lyophilized. Of the 30 g of crude material obtained from 10 liters of spent media, 20 g suspended in 20 ml of elution fluid was loaded on the Bio-Gel A-5M column (Fig.  2) . A broad "peak" containing polysaccharide reactive with anti-AHT sera was obtained at about the same elution volume as observed for the buffer-extracted antigen (see Fig. 1 ). These fractions contained little or no phosphorus and little or no nucleic acid, since only small amounts of ribose (Table 1) were measurable and no deoxyribose was detected. The material in tubes 38 to 62 was pooled, desalted on Bio-Gel P-6, and lyophilized. The dry-weight yields averaged about 1 mg of extracellular polysaccharide per g of crude retentate.
The chemical analysis of the extracellular antigen after A-5M chromatography shows similarity between this material and the buffer-extracted antigen (Table 1) . The antigen recovered from growth media contained 53% glucose and Fig. 1. galactose, 14% glucosamine, and 5% protein. Also, it had a slightly higher galactose:glucose molar ratio (4.6:1). Ouchterlony gel diffusion analysis (not shown) revealed antigenic identity when the two were reacted with homologous (AHT) antiserum.
Studies of antigen release during exponential growth. The ability to recover small amounts of antigen from late stationary-phase culture fluid could be due entirely to cellular autolysis. A study of exponentially growing AHT cultures, therefore, was undertaken to determine the rate and extent of antigen release.
Growth curves were obtained with the complex medium THG and the defined medium MC. The curve obtained with MC medium is shown in Fig. 3 and is very similar to the curve obtained with THG (not shown). The doubling time for AHT in MC was 56 ± 2 min and in THG was 63 + 5 min. Release of macromolecules into the MC medium was analyzed at seven specific points on the growth curve (see Fig. 3 ), and data are presented in Table 2 .
The amounts of antigen in the culture fluids for collection of culture fluids (see Table 2 ); and the open squares indicate the concentrations of antigen, measured by radial immunodiffusion (Table 2) , for the points (x) on the growth curve. The doubling time (1/k) of the culture was 56 ± 2 min. VOL. 26, 1979 on November 6, 2017 by guest http://iai.asm.org/ Downloaded from were estimated by two methods. The inhibition of hemagglutination detects very low concentrations of antigen but is not precise. A standard curve was made by reacting SRBC in the presence of CrCl3 with buffer-extracted polysaccharide and then using this same antigen at various known concentrations as an inhibitor of hemagglutination. When unconcentrated culture fluid was employed as an inhibitor, the reduction in titer could be directly related to the amount of antigen in the unknown sample. Estimates of extracellular antigen as indicated by inhibition of hemagglutination are presented in Table 2 . The second method employed was radial immunodiffusion, which is not as sensitive as inhibition of hemagglutination but is much more precise. The buffer-extracted antigen again was employed to construct a standard curve, and culture-fluid concentrates (10Ox) were assayed simultaneously to minimize the effects of incubation temperature. Estimates of released antigen obtained by the radial immunodiffusion technique also are presented in Table 2 . The results of these two methods agree very well, indicating little loss of antigen during concentration of the culture fluids for the radial immunodiffusion assay.
To check for cellular autolysis during this experiment, the amounts of intracellular and extracellular proteins were compared for each growth point ( rum is known to contain antibodies specific for the polyglycerophosphate backbone of LTA (14, 26) . DISCUSSION S. mutans AHT (serotype a) grown in the absence of sucrose appears to possess a dense, nondextran microcapsule that completely surrounds the cell (Fig. 4) . Similar structures have been described for other S. mutans strains (10, 12) and would appear to be characteristic of many members of this species. It is tempting to speculate that this capsule plays some role in the adherence of cells to enamel or the coherence of cells to each other. Iacono et al. (12) postulated that the serotype g antigen of the strain 6715 capsule acts as a dextran receptor when cells are grown in sucrose.
Several pieces of evidence strongly support the conclusion that the capsule is composed, at least in part, of the serotype-specific polysaccharide. First, the antiserum (no. 26) employed for the indirect horseradish peroxidase-labeling experiments is strongly reactive with this antigen in precipitin and hemagglutination analyses. It fails, however, to react with other prominent surface polymers, such as dextran, LTA, and the rhamnose-containing wall polysaccharide (6) . Also, the ease of extraction of this polymer would indicate a surface localization not involving extensive covalent linkage to the cell wall. As is the case for many bacterial capsule components, the antigen is easily removed by boiling in water, as with the HS-6 antigen (23), or in sodium acetate buffer, pH 4.0, as described here for AHT. Without consideration of molecular size, the product of this simple extraction procedure is similar both chemically (Table 1) and serologically to the antigen extracted with hot formamide from purified cell walls (6) . It is unclear whether the walls were contaminated with capsule polysaccharides or if there exist multiple cellular vocalizations for this polymer or its precursors. In any event, this antigen which had been characterized as primarily a cell wall constituent (6, 23) is also a major capsule component. Furthermore, its extraction and purification ( Fig. 1) are not as complicated as re-VOL. 26, 1979 ported previously for the analogous moiety contained in the cell wall (6) .
Also pointing to a loose, superficial attachment to the cell is the fact that this antigen is released into the medium during growth (Fig. 3 , Table 2 ). It is unlikely that its appearance in small amounts in the medium is due to cellular autolysis. That it is released at the same rate as cell growth (Fig. 3) and that no extra protein is released simultaneously (Table 2 ) indicate a normal turnover of this polymer, resulting in disattachment from the cell. Because this polysaccharide is antigenic and because this organism multiplies in dental plaque, the question arises whether antigen release plays a role in the etiology of certain immune diseases of the oral cavity, such as gingivitis.
The released polysaccharide can be partially purified (Fig. 2) , and upon chemical analysis (Table 1) it is revealed to be primarily composed of glucose and galactose (53%). But there also exist significant amounts of glucosamine (14%) and protein (5%). The function of these latter moieties is unknown. It may be speculated that they are also capsule components of similar molecular size to the polysaccharide and that they are released simultaneously. Also, the possibility exists that they may be linked, covalently or otherwise, to the antigen. In the quest for a suitable antigen for an anticaries vaccine, such a product may prove useful for two reasons: the polysaccharide moiety could provide the necessary immunological specificity, whereas the small protein constituent could provide a degree of immunogenicity not presently associated with most chemically extracted, purified polysaccharides (1).
